Protein modification by ubiquitin and ubiquitin-like proteins is one of the most complex and intensely studied mechanisms of posttranslational protein regulation in eukaryotes. Conjugation of the 76-amino-acid protein ubiquitin is first and foremost a signal for targeting proteins to the proteasome for degradation, but evidence that ubiquitin also plays diverse roles in the regulation of numerous biological pathways is building. In addition, there are many structurally related ubiquitin-like modifiers (Ubls) that utilize mechanistic pathways similar to those utilized by ubiquitin for conjugation to protein substrates and deconjugation. Despite similarities in structure between ubiquitin and other Ubls, modification by Ubls regulates such diverse cellular processes as transcriptional regulation, cell cycle control, and autophagy (see Kerscher et al. [22] for a review of Ubls and known functions). Ubiquitin has been identified in the majority of parasitic protozoa, but most Ubls in these organisms have not been characterized. Even less attention has been paid to the enzymes that regulate protein modification by ubiquitin or Ubls.
The essential roles of ubiquitin and Ubls in both protein turnover and transcriptional regulation in other organisms suggest that ubiquitin and Ubl pathways should be explored to better understand basic parasite biology. For this reason, we have compiled a comprehensive list of homologs of known Ubls and Ubl-deconjugating enzymes in medically important protozoa. We also discuss potential differences and unique characteristics of Ubls and deconjugating enzymes in parasites compared to those in mammals and yeast such as Saccharomyces cerevisiae and Schizosaccharomyces pombe. Notably absent from this review are the enzymes that conjugate ubiquitin and Ubls to their substrates. Although conjugation machinery is also important to the pathway, the essential role of deconjugating enzymes in multiple biological pathways and recent publications describing the identification of inhibitors of these enzymes indicate that they may represent a potentially important class of protease drug targets in parasites. Therefore, we have chosen to focus this review on these enzymes and the modifiers they regulate.
REGULATING THE REGULATORS: THE UBIQUITIN MODIFICATION PATHWAY
Like ubiquitin itself, the mechanistic steps that add ubiquitin to and remove it from proteins are conserved across the Eukaryota (see Kerscher et al. [22] and Hemelaar et al. [12] for reviews of enzymatic details). Before conjugation, ubiquitin must first be proteolytically processed from its precursor form by ubiquitin-specific proteases (USPs) to reveal a C-terminal diglycine. Processed ubiquitin is then conjugated by a series of ligases to the ε-amino group of a protein lysine side chain via an isopeptide bond. Both the number of ubiquitin molecules (monoubiquitin or polyubiquitin) and the location of the modification determine the fate of the modified substrate. In addition to targeting proteins for degradation, ubiquitylation regulates protein localization and DNA damage repair (17) . Ubiquitin is removed by selective proteases called deubiquitinating proteases (DUBs) that hydrolyze the isopeptide linkage. Many of these hydrolases both process ubiquitin to expose the C-terminal diglycine and cleave ubiquitin from conjugated substrates; therefore, the term DUBs is generally applied to hydrolases involved in either function. The general process of the maturation of ubiquitin, the conjugation of ubiquitin to substrates, and deconjugation is summarized in Fig. 1 . It is a dynamic balance of conjugation and deconjugation that determines the fate of the protein being modified.
Although the majority of ubiquitin and Ubl pathways in mammalian and yeast cells have been studied and characterized, relatively little is known about how these systems are used by parasites. The complex life cycles and multiple disease-causing states of parasitic protozoa offer a unique context in which to study ubiquitin and Ubl modification pathways. The life cycles of most protozoan parasites within single or multiple hosts rely on strict timing of protein regulation and gene expression for both survival and virulence. The application of genomics and proteomics to numerous parasite species has confirmed that many genes and proteins are regulated in a life cycle-dependent manner (4, 6, 32) . In the most striking example, the transcriptional profile of the intraerythrocytic life cycle of Plasmodium falciparum shows periodic waves of regulated gene expression for 80% of all genes expressed during the 48-h life cycle whereas only 15% of mammalian and yeast genes show such regulated expression patterns (4) . While the regulation of gene expression and protein turnover is clearly critical for both life cycle and disease progression in medically important protozoa, the mechanisms regulating these processes are not well understood. Given the known functions of ubiquitin and Ubls in other organisms, a better understanding of these posttranslational modifiers is likely to be critical to understanding how parasites control many basic biological processes.
UBIQUITIN AND Ubls
In addition to ubiquitin, a number of Ubls exist in most organisms (Table 1) . While these Ubls all share general secondary and tertiary structures with ubiquitin, they each carry out diverse functional roles when used for the posttranslational modification of proteins. In order to begin to address the roles of ubiquitin and Ubl modification pathways in parasitic protozoa, it is first necessary to identify all ubiquitin and Ubl genes from sequenced genomes ( Table 2) . We searched the literature and conducted BLASTP homology searches, followed by reciprocal best-hit analysis, to assemble a list of parasite homologs of the Ubls. We identified homologs for six of the nine major Ubl families, including ubiquitin, Nedd8 (neural precursor cell-expressed developmentally down-regulated 8), small ubiquitin-related modifier (SUMO), Hub1, ubiquitin-related modifier 1 (Urm1), and autophagy-8 (Atg8), but failed to identify homologs for the interferon-stimulated gene protein 15 (ISG15), FAT10, or autophagy-12 (Atg12). Of the identified FIG. 1. Maturation, conjugation, and deconjugation of ubiquitin and Ubls. Before conjugation, ubiquitin (Ub) and Ubls are processed from a precursor form to expose their C termini. The C-terminal extension varies in both length and sequence. They are then conjugated to substrates by a series of conjugation enzymes. Modified substrates are then subjected to or stimulate a variety of biological processes, depending on the modification type. Eventually the modifier is removed and recycled by ubiquitin-or Ubl-specific proteases that cleave the isopeptide bond generated during conjugation. (48) . Like yeast, parasitic protozoa contain homologs of Urm1, although to date none have been characterized functionally. Urm1 may or may not be functional, but it provides evidence that parasite ubiquitin and Ubls have an origin similar to that of Ubls of other organisms. Additionally, the study of parasitic protozoa may provide information about the evolutionary origins of ubiquitin conjugation systems, since functional urmylation pathways are not known to exist in organisms other than yeast.
Unlike Urm1, ubiquitin is both highly conserved and functional in all Eukaryota, including parasitic protozoa. The bestknown function of ubiquitin is the targeting of proteins modified by a chain of four or more ubiquitins to the proteasome for degradation (39) . Polyubiquitin chains with two different linkages, Lys48 and Lys63, have been observed in vivo in yeast (1) . Lys48 linkages are utilized in polyubiquitin that targets proteins for degradation. The function of Lys63-linked polyubiquitin is less well understood, but this chain is known to play a role in the localization of the mitosis-regulatory protein survivin to the centromere (10) . Additionally, monoubiquitylation is known to regulate histones and signal internalization by membrane proteins (14) .
Parasitic protozoan ubiquitin and ubiquitin modification have been most extensively studied in Trypanosoma spp. Ubiquitin genes were first identified in Trypanosoma cruzi by two independent research groups nearly two decades ago (23, 43) . Unlike humans, which have two polyubiquitin and two ubiquitin fusion proteins (45) , Trypanosoma cruzi has at least five genes encoding proteins comprising ubiquitin fused to unrelated proteins and at least five genes encoding polyubiquitin. Further study of the ubiquitin-proteasome pathway in Trypanosoma cruzi revealed ubiquitin-dependent degradation of cytoskeletal proteins associated with the parasite flagellum during trypomastigote-to-amastigote transformation (7) and evidence that the many ubiquitin-encoding genes of Trypanosoma cruzi are differentially regulated during the parasite life cycle and growth phases (31) . The polyubiquitin gene of Plasmodium falciparum is also regulated in a life cycle-dependent manner (16) , and recent analysis of Plasmodium targets by a yeast two-hybrid assay has linked ubiquitin-regulating proteins to mRNA stability and transcriptional regulation (27) . These data suggest a role for ubiquitin in the regulation of the life cycles of Plasmodium and Trypanosoma spp. and possibly other parasites.
Ubls vary greatly in their degree of conservation across species. The Ubl most closely related to ubiquitin, Nedd8, is 49% identical to mammalian ubiquitin and is regulated by the DUB UCH-L3 in addition to its own specific deconjugating enzyme (11, 28) . Interestingly, a Nedd8 homolog was identified only in Plasmodium spp. Nedd8 may not actually be missing from other protozoa, but the high level of sequence homology of Nedd8 to ubiquitin within a single species and the relatively low level of sequence homology of Ubls other than ubiquitin across species suggests that Nedd8 homologs in parasites may be identified as second copies of ubiquitin, thus masking them in the reciprocal best-hit analysis. The function of Nedd8 in ubiquitin conjugation and Cullin regulation suggests that it is an important Ubl and therefore requires further parasite-toparasite comparisons and experimental study to determine if it is in fact functional in Plasmodium falciparum.
Like Nedd8 and all Ubls, SUMO is nearly identical to ubiquitin in overall structural fold but is divergent in both amino acid sequence and function (33) . The primary function of SUMO is transcriptional regulation, usually in the form of repression, but other functions include the regulation of protein interaction and localization (20) . SUMO homologs were identified in all of the organisms surveyed except Giardia spp. Unlike humans, which have four forms of SUMO, all of the parasite species surveyed (except Trypanosoma cruzi) have a single SUMO homolog, similar to yeast. The examination of alignments revealed that all parasite homologs have at least one amino acid after the final diglycine motif, confirming the necessity of a processing enzyme before SUMO can be conjugated ( Fig. 2A) .
The functions of SUMO are not limited to transcriptional regulation; protein interactions and localization can also be affected by SUMOylation. A yeast two-hybrid assay of Plasmodium falciparum provided evidence for interaction between SUMO and serine repeat antigen 4, an essential papain fold protease localized to the parasitophorous vacuole and hypothesized to play a role in erythrocyte rupture (27) data must be confirmed in vivo, but they offer another example of the potential for the regulation of proteins unique to parasitic protozoa. Although ubiquitin and SUMO have different functions, evidence indicates that these modifiers act as competing controls of several biological pathways. During S phase in the yeast cell cycle, both ubiquitin and SUMO can modify proliferating cell nuclear antigen (PCNA) at the same lysine residue (38) . Ubiquitylation of PCNA at K164 is required for DNA damage repair, while SUMOylation of PCNA at K164 prevents recombination events in replicating regions of DNA. Although the relationship between ubiquitylation and SUMOylation is not fully understood, their competing roles in essential cell cycle process controls in yeast suggest that they also play interesting roles in the unique life cycles of parasitic protozoa.
Atg8 is a unique Ubl that is conjugated to lipids rather than proteins. Autophagy is the process by which cells engulf and degrade proteins and organelles during differentiation or as a defense under starvation conditions (29) . The process of autophagy is characterized by the formation of autophagosomes, membranous structures that engulf cellular matter for degradation. The formation of the autophagosome is dependent on the conjugation of Atg8 to the amine group of phosphoethanolamine (PE). In addition, Atg12, another Ubl, must be conjugated to the ε-amino lysine (L128) side chain of Atg5 (44) . Parasite homologs show 30 to 50% conservation compared to yeast Atg8. Homologs in kinetoplastids, the family of parasites that includes Trypanosoma and Leishmania spp., have one or more amino acid residues after the single C-terminal diglycine that need to be processed before conjugation to PE. However, apicomplexans, the family of parasites that includes Plasmodium and Toxoplasma spp., have no additional residues (Fig. 2B) . Surprisingly, Atg12 is missing from all protozoa examined despite the observation of functional autophagosomes and autophagy in Leishmania major (3) .
Several Ubls, such as the diubiquitins FAT10 and ISG15, are noticeably absent in parasitic protozoa. As Ubls that appear to function in response to cancer and immune stimuli, respec- 
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UBIQUITIN-AND Ubl-DECONJUGATING ENZYMES
The deconjugating enzymes of ubiquitin and Ubls are mainly cysteine proteases but include representatives of multiple cysteine protease clans, as well as metalloproteases. To identify parasite homologs, BLASTP homology searches were performed with representative proteases from each class of deconjugating enzymes. Representative proteases were chosen based on available crystallographic or experimental data identifying relevant catalytic residues for that enzyme. This method allowed for subsequent ClustalW alignments. Only those homologs that were identified by both BLASTP homology searches and active-site-residue alignment are included.
DUBs. DUBs can carry out a number of processing events, including the maturation of the C termini of ubiquitin precursors, the removal of a single ubiquitin from a polyubiquitin chain, and the removal of ubiquitin from conjugated substrates. There are close to 90 DUBs in humans, and these DUBs fall into five subclasses: ubiquitin C-terminal hydrolases (UCHs), USPs, otubain proteases, Machado-Joseph disease (MJD) proteases, and JAB1/MPN/Mov34 metalloenzymes (see Nijman et al. [35) ] for structural and functional comparisons). Parasitic protozoa have homologs of four out of the five major classes of DUBs as well as homologs of a predicted class, that of permuted papain fold peptidases of double-stranded RNA viruses and eukaryotes (PPPDEs) ( Table 3) .
The first proteolytically active DUBs to be found in protozoan parasites were recently identified in Plasmodium falciparum and Toxoplasma gondii. Using an activity-based probe, which contains full-length human ubiquitin and had the Cterminal glycine residue replaced with a reactive functional group that irreversibly binds the active-site cysteine of deconjuating enzymes, Artavanis-Tsakonas et al. (2) and Frickel et al. (9) selectively labeled and identified UCH-54 (corresponding to accession no. PF11_0177) in Plasmodium falciparum and UCH-L3 (corresponding to accession no. 55.m050682) in Toxoplasma gondii. These DUBs also showed cross-reactivity with a similar probe for human Nedd8, suggesting that the same deconjugating enzyme may regulate both ubiquitin and Nedd8 homologs. This possibility may explain why Plasmodium falciparum has a Nedd8 homolog but no Nedd8-specific protease homolog (Tables 2 and 3 ). Since the human Nedd8 used to make the probe is more closely related to human and Plasmodium falciparum ubiquitin (58% conserved) than to Plasmodium falciparum Nedd8 (52.6% conserved), parasite-derived Nedd8 probes will be required to confirm cross-reactivity.
Recent genetic analysis of variants of the rodent malaria parasite Plasmodium chabaudi resistant to the antimalarial drugs artesunate and chloroquine identified mutations in a ubiquitin-deconjugating enzyme with strong genetic linkage to drug resistance (18) . This DUB was found to be most similar to the Plasmodium falciparum MAL7P1.147 DUB described as a USP7 homolog in Table 3 . Although subsequent analysis of drug-resistant Plasmodium falciparum did not identify mutations in the MAL7P1.147 enzyme, the authors speculate that this result was due to the transient nature of the Plasmodium falciparum resistance compared to the stable resistance found in Plasmodium chabaudi. Further work to characterize this DUB in stably artemisinin-resistant Plasmodium falciparum is necessary to determine what, if any, role this enzyme may play in parasite drug resistance.
Interestingly, Plasmodium, Toxoplasma, and Cryptosporidium spp. all have homologs of the MJD subclass protease Ataxin-3, a ubiquitin-deconjugating enzyme that has been linked to neurodegenerative disease in mammals (5) . The parasite homologs are 19.9 to 29.4% conserved compared to human Ataxin-3, but the catalytic triad consists of conserved cysteine, histidine, and aspartate rather than asparagine. This aspartatefor-asparagine substitution has been observed in previous Ataxin-3 homolog sequence alignments (42) . Both aspartate and asparagines are found in the catalytic triads of cysteine proteases, but the functional significance of these residue substitutions in parasite homologs remains to be explored. Surprisingly, no homolog of Ataxin-3 in yeast has been identified. The parasite homologs identified do not appear to have an expanded glutamine repeat region, the hallmark of the diseasecausing form of Ataxin-3. Parasitic protozoa offer a potential model system in which to study the normal function of Ataxin-3, which is still not well understood.
The parasite homologs of Ataxin-3 do not have a glutaminerich region, but the recently identified DUB Plasmodium falciparum UCH-54 has an asparagine repeat region in the predicted protein sequence. The predominant protein identified by mass spectrometry was nearly double the predicted size (100 kDa compared to the predicted 54 kDa), possibly as a result of protein aggregation that was stable under sodium dodecyl sulfate-polyacrylamide gel electrophoresis conditions (2). Our own alignments revealed asparagine repeats in the Plasmodium falciparum USP7 and Ulp1 homologs and unusual glutamine-glutamate (QEEQ) and glutamine-glutamate-lysine (QEKK) repeats in the Ulp1 homolog in regions not homologous to any other protozoan sequences aligned (E.L. Ponder, unpublished data). In agreement with this assessment, asparagine-and glutamine-asparagine-rich regions of yeast prionforming proteins are sufficient to form self-seeding protein aggregates similar to those that cause Alzheimer's and Huntington's diseases (37) . Further study of both parasites and other eukaryotes is required to determine the significance of these repeat regions and their potential role in protein aggregation.
An additional subclass of predicted DUBs included in this survey was the PPPDEs. Using a bioinformatics approach, Iyer et al. (19) identified the PPPDE class of DUBs, whose prototype is a hypothetical protein from the apicomplexan Cryptosporidium parvum. Although this study did not provide confirmation of DUB activity for any members of this class, bioinformatics approaches did identify the majority of accepted classes of DUBs (35) . As exemplified by the identification of PPPDEs, the study of ubiquitin and Ubls in protozoa has the potential to identify new players in these pathways as well as novel functions.
Ubl proteases. Like ubiquitin-deconjugating enzymes, SUMO-deconjugating enzymes cleave precursor SUMO to the active form containing the required C-terminal diglycine motif and cleave SUMO from substrates (20) . Although SUMO and SUMOylation pathways have not been characterized in any parasite, the conservation of SUMO across yeast and mammals suggests that SUMO is a candidate for the regulation of transcription in parasite development. Of the parasites surveyed in this study, the majority have only one homolog of the essential yeast de-SUMOylation enzyme Ulp1 (19.9 to 30.4% conserved) (Table 3) . Plasmodium spp. and Theileria spp. parasites, however, have two homologs. Although Plasmodium was previously predicted to have homologs of both yeast Ulp1 and Ulp2 (a nonessential second homolog of Ulp1) (47), we found that both of these homologs aligned better with Ulp1 in our own searches for the alignment of active-site residues (Ponder, unpublished). Further genomic and functional characterization is needed to understand the evolutionary origins of the corresponding genes and their functions in parasites.
Autophagy-related proteases. Autophagy is the only proven example of a classic Ubl pathway with a novel function and importance in protozoa. Autophagy-related protein 4 (Atg4) is a papain fold cysteine protease that processes Atg8 to expose a C-terminal glycine for conjugation and cleaves Atg8 from its conjugated PE on the outer layer of the autophagosome (24, 25) . Homologs of Atg4 in both apicomplexans and kinetoplastids (16.5 to 21.8% conserved) have been identified (Table 3) . The apicomplexans have one homolog, while the kinetoplastids and Entamoeba histolytica have multiple copies. The disruption of Atg4 leads to defects in autophagosome trafficking in Leishmania major (3) . Additionally, parasites expressing a mutant ATPase that results in the accumulation of autophagosomes and increased susceptibility to starvation (i.e., an autophagy defect) are unable to transition from the promastigote to the infective metacyclic stage (3). Atg8 and Atg4 are highly conserved across protozoa, while all parasitic protozoa lack Atg12, a finding that is in agreement with the results of previous bioinformatics searches for Atg12 in kinetoplastids (13) . Autophagy is functional in Leishmania major even without an Atg12 homolog (3), confounding the hypothesis that the conjugation of both Atg8 and Atg12 is necessary for autophagy in response to starvation. More extensive experimental evaluation of the autophagy pathway in protozoa is necessary to understand this discrepancy.
Autophagy may also be linked to the effects of chloroquine on mammalian cells and intraerythrocytic Plasmodium falciparum. In the early 1980s, it was reported that chloroquine induces the formation of autophagic vacuoles in treated lymphocytes (21) and the accumulation of endocytic vesicles in treated Plasmodium falciparum parasites (49) . Although significant efforts have been made to understand chloroquine-mediated killing, its mechanism of action still remains unclear (see Olliaro and Goldberg [36] for a review of chloroquinemediated killing). The vacuolarization of Plasmodium falciparum upon treatment with antimalarial agents has also been postulated to be an early sign of apoptotic blebbing. However, the potential role of apoptosis in a unicellular organism remains the subject of debate (see Deponte and Becker [8] for a review of apoptosis in protozoa). Further characterization of these vacuoles using a marker for the autophagosome, such as Atg8, may help clarify the mode of killing by antimalarial drugs. Analysis of autophagy in other protozoa will likely provide additional information to explain how parasites use autophagy in their normal development as well as to combat druginduced starvation.
CONCLUSIONS AND FUTURE DIRECTIONS
Medically important parasitic protozoa have homologs of many key Ubls, ranging from Urm1, a minimally understood relative of a bacterial sulfur carrier protein, to ubiquitin, one of the most well-conserved proteins in all Eukaryota. Although these Ubls may have similar functions in both parasites and other eukaryotes, evidence of life cycle-dependent ubiquitin gene regulation in Trypanosoma cruzi and Plasmodium falciparum, the potential interaction of SUMO and serine repeat antigen 4 in Plasmodium falciparum, and the identification of a genetic linkage between a DUB and artesunate resistance in Plasmodium chabaudi demonstrate the need to identify unique parasite targets of these and other Ubls. Evidence of the essential roles of the ubiquitin-proteasome and autophagy pathways in the development of Trypanosoma cruzi and Leishmania major, respectively, also suggest that further study of Ubl pathways will lead to a better understanding of parasite life cycle regulation.
Proteases have generally been identified as potential drug targets in parasites including Plasmodium falciparum and Trypansoma cruzi (41) . Therefore, further characterization of DUBs may help validate proteases as a new class of drug targets while also providing insight into the regulation of basic parasite biology. This characterization may be further facilitated as more inhibitors of these classes of enzymes are identified (12, 15, 30) . As additional deconjugating enzymes are further characterized functionally, we hope our compilation of homologs will allow easier extrapolation of findings to other medically relevant parasites.
